The idea of model-based drug development championed by Lewis Sheiner, in which pharma
INTRODUCTION
Materia medica is a Latin term for any material or substance used in the composition of curative agents in medicine. The use of materia medica was historically based upon the idea that medicines possess magical curative powers. Folk healers among the peasantry believed in the law of signatures to identify which herbs would be effective against which diseases. By a process of trial and error, folk healers learned which herbs worked and which herbs did not work. Materia medica eventually developed into the science of pharmacology. The subject of pharmacology has grown rapidly in recent years and new drugs are being synthesized at an ever-increasing rate. Clinical pharmacology has been described as a bridging discipline that combines elements of pharmacology with clinical medicine. In the past few decades drug development has progressed from the relatively ad hoc trial and error process of materia medica to an advanced scientific process involving careful experimental design, valid data analysis, informative graphics, mathematical modeling, and computer science. Lewis Sheiner (1940 Sheiner ( -2004 ) was one of the pivotal individuals in this changing evolution. Through his scientific writings, teaching programs, and collaboration with scientists around the world, his impact on drug development has been immeasurable. His philosophy of "Learn, confirm" cycles throughout drug development has become the catchphrase in the field of clinical pharmacology (1) . Regulatory bodies have come to realize that proof of efficacy is only one step in a long process from drug discovery to marketing. This is reflected in the most recent guideline that the Food and Drug Administration (FDA) has published:-"Innovation or Stagnation: Challenge and Opportunity on the Critical Path to New Medical Products" (2) . The FDA has emphasized the importance of integrating pharmacokinetic and pharmacodynamic (PK/PD) information in drug development and its potential impact on decision-making. This manuscript describes three real examples where the application of modeling and simulation techniques, as suggested by Lewis Sheiner, aided drug development at critical decision points in preclinical development, phase 2 and regulatory review.
EARLY DRUG DEVELOPMENT
The major objectives of early drug development are to select promising compounds and to identify potentially safe and effective doses and dosing regimens. Integration of PK/PD in early development helps with compound selection and guides creation of an efficient clinical development strategy.
This first example illustrates the application of PK/PD modeling in predicting response in a Phase 1 study and assessing the potential for differentiation between compounds. Three compounds of the same class (A, B, and C) were being investigated for the same indication and were at different stages in their development. These compounds were centrally active and speed of onset was a crucial determinant of efficacy. Thus, differences in both potency and time course of effect were important in identifying the most efficacious dose. The drug development strategy was to accelerate development of back-up compounds by capitalizing on previous information from compounds further along in the development and to advance the lead compound unless backups were clearly differentiably better. Compound C was the last in the series, but had the potential to be a superior candidate. Dose-ranging preclinical pharmacology studies using similar designs were conducted assessing response at scheduled times post administration of each compound. In addition to measuring pharmacologic response, an objective of these studies was to understand the pharmacokinetic (PK) profile. Thus, PK samples were obtained in a parallel group of animals. Compounds A, B, and C differ only slightly in terms of PK properties. However, they had different potency and quite different time courses of pharmacologic response after a single dose, with a delay in onset of pharmacologic activity relative to the PK profile. Figure 1 illustrates the time course of pharmacodynamic response for compounds A, B and C. Note that the mean response at 6 hr for compound A was not consistent with the rest of the data, however, this pattern was not observed at other dose levels, and did not adversely impact pharmacodynamic parameter estimates obtained by simultaneously fitting data from all dose levels. The relationship between concentration and response was assessed using the classical approach described by Sheiner et al. (3) popularly known as the "effect compartment model". This seminal work made it practical to quantify the lag between the exposure to a drug and the onset and offset of the pharmacologic response. The PK/PD modeling was conducted in NONMEM version V (4) using individualized PK parameters to determine potency of each compound (EC50) and the delay between peak concentration and effect as described using effect site equilibration rate constant (ke0). Results of the PK/PD modeling are summarized in Table I and predicted effect-concentration-time profiles illustrated in Fig. 1 . The temporal delay observed between systemic concentrations and pharmacodynamic response may be related to slow distribution to the site of action, post-receptor mechanisms or other physiological processes involved in generating the measured response. At this stage of development quantifying the delay was adequate for comparing the compounds.
Thus, in terms of potency, the compounds rank from highest to lowest as follows: B > A > C with potency relative to A of 0.3 for B and 4 for C. The compounds ranked as C > A > B, starting with the most rapid onset, with ke0 relative to A of 12 for C and 0.7 for B. From these preclinical results, a model was developed to simulate the response profile in humans for compound C. The PK predictions were made based on allometric scaling of the PK parameters of systemic clearance and volume of distribution, estimates of absorption rate constant and assuming a similar lag time of absorption. For the pharmacodynamic parameters, ke0 was held constant from the preclinical data, while ED50 was adjusted based on the potency ratios in Table I . A sigmoid Emax model has been developed based on data obtained following administration of compound A in healthy subjects ( Fig. 2) . Parameters of the pharmacodynamic model such as baseline, Emax, and sigmoidicity factor were assumed to be constant in making predictions. Although compound B was more potent than C, development was discontinued because of its slower onset and offset of action.
Results obtained in the single rising dose tolerance study in the subsequent clinical trial confirmed the simulation results ( Fig. 2) , showing that the relative potency and relative rate of onset determined in the preclinical model were consistent with the clinical data (Table I) . Compound C had lower potency than predicted, but the rank order for potency and onset rate was maintained. These parameters were adjusted based on Phase 1 data and further used to predict doses in proof-of-concept studies.
The preclinical and clinical PK/PD models developed for compounds A and B were used together with preclinical data for compound C to predict the time course of pharmacologic activity in humans for compound C. This allowed development of go/no go decision criteria based on onset time observed in the first in human (FIH) study of compound C. The PK/PD predictions then provided a rationale for greater investment in compound C to move it to the FIH decision point more quickly. Finally, PK/PD modeling of relative potency was useful for dose selection for the FIH study, and later, using also phase 2a information from compounds A and B, for a phase 2a study of compound C.
The application of the so called "effect compartment model" approach that Lewis Sheiner described to quantify the discontinuity frequently seen between exposure to a drug and the observed clinical response has had enormous impact on the drug development discipline. Determination of relative potency, as measured by EC50, and relative rate of onset of pharmacologic action, as assessed using the parameter ke0, can be scaled from animal models to human and can be used to discriminate between compounds, saving considerable time and money that would otherwise be needed for human trials.
PHASE 2 DRUG DEVELOPMENT
Phase 2 proof of concept (POC) and dose-ranging trials in a select group of patients are essential to verify that the compound demonstrates sufficient efficacy and safety. At this stage it is important to characterize the relationship between drug exposure and response, be it with a relevant biomarker or some clinical endpoint. Information that is gathered during this phase provides grounds for the decision of whether the balance between efficacy and safety justifies investing in the much more expensive phase 3 program. Lewis Sheiner's influential publication describing the learn-confirm cycles that developers need to go through brilliantly describes this information gathering process (1). The procedure can be thought of as progressive cycles starting with learning in phase 1 about optimal conditions to initiate phase 2, and learning from phase 2 to decide whether or not to initiate phase 3 and the procedure that is most likely to meet with success (i.e. correctly answer the questions). During phase 2 a key feature of this approach is to use previous clinical trial information in the same disease with prior PK/PD information on the new compound to better predict the most probable trial outcome. The following example applies some of the principles championed by Lewis Sheiner and illustrates the use of the lessons learned during the preclinical phase and phase 1, together with literature data to design a phase 2 study.
CI-1017 is an M1-muscarinic acid agonist for which we had PK/PD information from Phase 1 and preclinical studies (5) . The question facing the drug development team was how to proceed with the Phase 2 study and what criteria should be applied for a go/no-go decision based on its results. Traditionally, Alzheimer's Disease (AD) trials used parallel group, placebo-controlled designs, assessing the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADASCog) at 4, 6, or 8-week intervals over a trial duration of 12-30 weeks. In this instance, the availability of toxicology study results limited the total exposure to study drug to 12 weeks.
The drug development team decided to use the combined knowledge about AD and CI-1017 to simulate various clinical trial scenarios to aid the design of the first Phase 2 study. The trial was to answer several questions, three of which were most important. First, does the drug have benefit? Second, since preclinical data implied a possible inverse U-shape dose-response, is more drug better than less? The shape of the exposureresponse curve was an important issue since this would have a major impact on the dose selection and design to be used in the phase 3 study. In fact, if the exposure-response analysis did exhibit an inverse U-shape, this product might well be unmarketable. Finally, if the drug proved beneficial, an objective was to identify the target dose range for subsequent trials. The design of the phase 2 trial, therefore, needed to focus on the exposure-response profile not just the question of whether the drug gives a beneficial effect.
At this stage a useful benchmark was tacrine (an approved drug for the treatment of AD symptoms). Extensive in-house clinical trial data for tacrine was available as well as literature data describing the exposureresponse relationship (6) (7) (8) . The tacrine data together with phase 1 PK and preclinical data for CI-1017 were used to simulate various clinical trial scenarios to determine the optimal clinical trial design that would have the best likelihood of answering the above questions.
Prospective designs included a conventional parallel group design and three Latin Square (crossover) designs with different numbers of treatments and treatment durations. Each study was constrained to be about the same size, with sixty patients and a total of about six ADASCog measurements per patient, since one design objective was to choose the best design conditional on a specified level of investment. The intrinsic merit of the different designs was evaluated using two key metrics: (i) the percentage of simulated trials that correctly detected a drug effect, using the appropriate analysis method and decision rule (this is essentially the conventional statistical power) and (ii) the percentage of simulated trials that correctly identified the shape of the dose-response profile (monotonic or inverse U-shaped). Accuracy of target dose estimation was also assessed.
Because we were unsure of the form of the true exposure-response relationship four different models were simulated: three monotonic models (Emax [super-linear], linear, and sigmoid Emax [sublinear]) and one inverse U-shaped model. Assuming a three-point effect as the minimally acceptable profile (based on tacrine's effect), each of these response models were constructed to reach a maximum of three points in the tested dose range: at the highest dose for the monotonic models and at the "best dose" for the inverted U-shaped model. The four drug effect models are depicted in Fig. 3 .
For each treatment sequence, a population of patients was created and sampled with replacement to generate individual clinical trials (from 100 to 2000 clinical trials depending upon the precision needed for the particular objective). One objective of the simulations was to determine the relative robustness of the designs to detect a significant (α = 0.05) treatment effect for each of the assumed dose-response relationships. Table II reports the power or percentage of trials in which a statistically significant treatment effect was detected. The 4 × 4 Latin Square with four-week periods was the most robust design and performed well (>80% power) for all three monotonic dose-response relationships examined. Power was lower to detect the inverse U-shaped dose-response. The parallel group design (N = 60) did not perform well, confirming the original power calculations that hundreds of patients would be needed. Based on these results, a 4 × 4 design with fourweek periods was recommended and ultimately conducted saving significant resources (in excess of two million dollars compared to a parallel group study with similar power), and the total elapsed conduct time was perhaps eight months shorter because of the reduced enrollment burden. The statistical models were ready for a rapid analysis of the data after the completion of the study. In this case, the results failed to meet the predefined criteria, and the drug project was cleanly terminated without the need for endless rework of the data looking for an elusive signal, as is often the case with negative studies.
Phase 3 and Beyond
Phase 3 clinical trials confirm the efficacy of new therapies as the final step prior to submission to a regulatory body for approval. Based on the 1962 amendment to the Federal Food, Drug and Cosmetic Act of 1938 (9), regulators interpretation was that substantial evidence of effectiveness required at least two adequate and well-controlled (AWC) investigations, presumably to ensure that the findings are repeatable. The FDA Modernization Act of 1997 and the FDA "effectiveness" guidance of 1998 (10, 11) opened the door to using exposure-response information in combination with a single pivotal clinical trial as sufficient evidence of effectiveness. Although this situation may be relatively rare, there are much more common situations for which exposure-response data can support registration decisions and labeling. The recent gabapentin sNDA approval for neuropathic pain is a good example. Gabapentin (Neurontin ) was originally approved in the U.S. in 1993 as adjunctive therapy in the treatment of partial seizures in patients with epilepsy. Post marketing, anecdotal evidence suggested that patients suffering with post herpetic neuralgia (a syndrome of neuropathic pain following herpes zoster and occurring in approximately 10-15% of all herpes zoster patients) may receive pain relief with gabapentin.
To support the marketing approval of gabapentin for the indication of PHN, the sNDA package contained efficacy data from two trials conducted in patients with PHN. Unfortunately, these trials did not study the same dose levels-patients in study 1 were randomized to a final dose of 3600 mg/day while patients in study 2 were randomized either to 1800 or 2400 mg/day. Thus there was not replicate data for efficacy at these doses. Understanding of the exposure-response for gabapentin in PHN was further complicated by the saturable absorption of gabapentin, leading to less than dose proportional changes in exposure. The lack of replicated findings at a single dose, coupled with the saturable absorption and nonlinear exposure, presented a unique regulatory hurdle to approval for the PHN indication.
An exposure-response (ER) analysis was completed and included with the submission. Although ER concepts are not new, their value as part of regulatory submissions has changed. ER evaluation took on a new role with the advent of FDAMA 1997 (10, 11) The gabapentin sNDA represented the first application of ER information to establish a linkage across two pivotal clinical studies to provide confirmatory evidence of dose response under the FDAMA ruling. Population PK/PD analyses were submitted showing that gabapentin exhibits exposure-dependent decreases in daily pain scores (Figs. 4 and 5) (12) . In this analysis, the decrease in daily pain score was adequately described by an E max model expressed as change from baseline minus effect of drug (gabapentin dose corrected for estimated bioavailability) and timedependent placebo effect, with gender and disease duration having minimal effect on the ER relationship. Data from the titration period from each study were also successfully incorporated into the model to provide more information about within-subject dose response. The models and the supporting data were all made readily available to the FDA reviewers.
During deliberation among the FDA review staff which included clinicians, clinical pharmacologists, pharmacometricians and biostatisticians, it was proposed by the clinical pharmacologists and agreed to by others to explore whether the PK/PD analyses could provide the confirmatory evidence of efficacy. To replace a replicate clinical trial the PK/PD analysis would have to withstand the same qualitative and quantitative review that data from an AWC would, so the analyses were further tested and reviewed by the FDA, who reached similar conclusions:-The PK/PD results confirmed evidence of efficacy across the three studied doses, so that additional clinical trials would not be needed for approval of the product.
In the Package Insert of approved drugs, the establishment of effectiveness of drugs is described in the clinical studies section, where the design, patient populations, and statistical considerations of the studies are explained. In the case of gabapentin, the clinical trials section of the Package Insert states "PK/PD modeling provided confirmatory evidence of efficacy across all doses" to explain the basis of establishing the effectiveness of Neurontin for the PHN indication (13) .
In a recent publication (14) Lewis Sheiner and co-authors contend that "convincing evidence of the pharmacologic mechanism of the clinical effect of a drug serves the same purpose as-and can be derived more directly from sources other than-a second large and expensive clinical trial". They proposed that 'contrary to naïve fears of the consequences of "lowering standards" of effectiveness, adopting the now legally sanctioned new standard of a single clinical trial plus confirmatory evidence (SCT-CE) would provide a scientific and regulatory framework for encouraging more rational, more efficient, and more informative clinical drug development.' The rational drug development paradigm that he so enthusiastically encouraged seems to be gaining traction.
CONCLUSION
In the publication by the FDA titled "Innovation or Stagnation: Challenge and Opportunity on the Critical Path to New Medical Products" (2) the opportunities offered by the concept of model-based drug development are mentioned, and the reference cited is the seminal manuscript by Lewis Sheiner regarding the "learn-confirm" paradigm (1). This present review gives some examples of work based on the concepts championed by Lewis Sheiner, in which pharmaco-statistical models of drug efficacy and safety are developed from preclinical and available clinical data to improve drug development knowledge management and development decision-making. With the publication of the Innovation or Stagnation document, the FDA also has acknowledged the value of these concepts and will collaborate with others in the use of modeling and simulation to improve trial design and drug development decision-making.
